Objectives: To compare the performance of three methods of identifying children with severe sepsis and septic shock from the Virtual Pediatric Systems database to prospective screening using consensus criteria. Design: Observational cohort study. Setting: Single-center PICU. Patients: Children admitted to the PICU in the period between March 1, 2012, and March 31, 2014. Interventions: None.
A dvances in early detection and intensive care management have led to improved survival among children with severe sepsis and septic shock (1) , but it remains a leading cause of morbidity and mortality among critically ill children worldwide (2, 3) . Compared with adult sepsis, pediatric sepsis possesses a distinct epidemiology with lower mortality rates (4) (5) (6) , lower rates of progressive organ failure (4, 5) , and different determinants of poor outcomes (6) . Multicenter databases have the potential to yield important insights into the management of pediatric severe sepsis that would otherwise be impossible to obtain; however, their utility in sepsis research has been somewhat limited due to difficulty of retrospectively identifying patients with sepsis (7) . Due to its size and level of clinical detail, the Virtual Pediatric Systems (VPS) multicenter database is an ideal data source for pediatric severe sepsis and septic shock epidemiology research (8) . VPS is a pediatric critical care registry with limited protected health information in which prospective data are collected by trained individuals with a clinical background in pediatric critical care using standardized clinical data definitions and rigorous data quality control procedures. In addition to standard demographic data, trained coders assign relevant diagnosis codes and abstract a large amount of detailed clinical data for every PICU admission at participating sites (e.g., illness severity scores and procedures; for details, see eTable 1, Supplemental Digital Content 1, http:// links.lww.com/CCM/E166). VPS currently includes data from greater than 135 PICUs and greater than 1 million hospitalizations; participating sites represent a great diversity of pediatric critical care facilities, from small community hospitals to large, academic quaternary care PICUs. VPS performs initial and quarterly interrater reliability testing, and interrater reliability concordance in the VPS database is consistently greater than 95% (9) . Although utilization of International Classification of Diseases, 9th Edition, Clinical Modification (ICD-9-CM) diagnosis codes is a well-described limitation of administrative databases, we expect the accuracy of diagnosis codes in VPS to exceed that of other administrative databases because of the clinical experience and continual reliability testing required for data entry.
In our analysis, we assessed the performance of three published methods (14) (15) (16) to retrospectively identify children with severe sepsis and septic shock from an electronic database using coded diagnosis data in VPS. We compared the performance of these algorithms to a manual approach of identifying children with severe sepsis and septic shock identified through prospective screening and medical record review process. We hypothesized that children with severe sepsis and septic shock could be accurately identified in VPS using diagnosis codes.
MATERIALS AND METHODS

Study Design
After Institutional Review Board approval, we constructed an observational cohort study using data from our single center available in the VPS database. We also used data from the Children's Hospital of Philadelphia (CHOP) Sepsis Registry, a prospective, single-center observational registry of patients with sepsis which has been described previously (10, 11) . During the study period (March 1, 2012, to March 31, 2014), all CHOP PICU patients were screened each day for the presence of sepsis based on consensus criteria (5), through a paperbased sepsis screening checklist which was integrated into morning teaching rounds. A chart review was completed for each patient who screened positive to determine sepsis severity and identify the date of onset; relevant clinical data were also abstracted from the electronic medical record, including laboratory results, resource utilization, and clinical outcomes.
Case Ascertainment
Data from all admissions to the CHOP PICU during the study period were extracted from the VPS database, including demographic information, source of admission, coded diagnoses, severity of illness data (Pediatric Index of Mortality 2 [12] , Pediatric Risk of Mortality III [13] ), PICU interventions, length of stay, and PICU outcome. PICU patients with severe sepsis or septic shock in the CHOP sepsis registry were matched to their corresponding VPS record using medical record number, date of birth, and date of PICU admission. All records were successfully matched, and sepsis severity was subsequently extracted from the CHOP sepsis registry.
Three methods of retrospectively identifying severe sepsis and septic shock from an electronic database were used in this study: 1) "Explicit codes": an ICD-9-CM code for severe sepsis (995.92) or septic shock (785.52) as proposed by Balamuth et al (14) ; 2) "Martin codes": ICD-9-CM codes for sepsis as proposed by Martin et al (15) ; and 3) "Angus codes": ICD-9-CM codes for infection and organ dysfunction as proposed by Angus et al (16) . A listing of all ICD-9-CM codes used in our analysis are available in eTable 2 (Supplemental Digital Content 1, http://links.lww.com/CCM/E166). VPS assigns diagnoses at the encounter level; therefore, these search algorithms identify the presence of severe sepsis or septic shock at any point during the PICU encounter. A secondary chart review was completed to independently determine presence of severe sepsis or septic shock for patients in whom prospective screening and VPS screening algorithms yielded discrepant results.
Outcomes
The primary outcomes were the diagnostic test characteristics of each ICD-9-CM identification algorithm compared with a manually defined cohort of cases identified by prospective screening using consensus criteria (the reference standard cohort). Secondary outcomes included differences in patient characteristics, resource utilization, and clinical outcomes among the tested sepsis identification algorithms. 
RESULTS
Prevalence of Severe Sepsis and Septic Shock by Prospective Screening
During the study period, 7,459 patients were admitted to the PICU. Prospective screening during this time identified 401 patients with severe sepsis and septic shock who were enrolled in the CHOP sepsis registry (the reference standard cohort) and successfully matched with VPS. Details from VPS of demographics, resource utilization, and clinical outcomes for these patients compared with all other PICU admissions during the study period are shown in Table 1 .
Performance of Each Retrospective Identification Algorithm
The performance of each diagnosis code algorithm was evaluated as compared with the reference standard cohort. Performance characteristics of each coding algorithm are shown in Table 2 . Utilizing explicit codes for severe sepsis and septic shock, 515 patients were retrospectively identified in the VPS database. This identification algorithm demonstrated good agreement when compared with the reference standard cohort, with a 95% agreement across all patients, a Cohen's κ of 0.61, a PPV of 57%, and an F 1 score of 0.64. Utilizing the Martin methodology, 970 patients were retrospectively identified in the VPS database. This identification algorithm demonstrated fair agreement when compared with the reference standard cohort, with a 90% agreement across all patients, a Cohen's κ of 0.43, a PPV of 34%, and an F 1 score of 0.48. Utilizing the Angus methodology, 1,387 patients were retrospectively identified in the VPS database. This identification algorithm demonstrated poor agreement when compared with the reference standard cohort, with an 84% agreement across all patients, a Cohen's κ of 0.28, a PPV of 22%, and an F 1 score of 0.34. The confusion matrix for each algorithm is shown in eFigure 1 (Supplemental Digital Content 1, http://links.lww.com/CCM/E166).
Overlapping but distinct cohorts of patients were identified through each identification algorithm. In total, 1,755 patients were identified by at least one method. Figure 1 depicts the overlapping cohorts of patients identified by all three VPS identification algorithms, and the overlap between patients identified by explicit codes and patients prospectively identified in the reference standard cohort.
Patient Characteristics, Resource Utilization, and Clinical Outcomes
The prospectively defined patients with severe sepsis or septic shock in the reference standard cohort had higher admission illness severity, resource utilization, and PICU mortality than any of the retrospectively identified cohorts ( Table 3) . Explicit codes for severe sepsis and septic shock identified the cohort most similar to the reference standard cohort, with a higher prevalence of severe sepsis or septic shock (6.9% vs 5.4%) but similar age, illness severity scores, resource utilization, and PICU mortality. By comparison, Martin methodology and Angus methodology produced successively larger cohorts of patients with lower illness severity, resource utilization, and PICU mortality.
Analysis of Discrepancies Between VPS Explicit Codes and Reference Standard Cohorts
Because explicit codes for severe sepsis and septic shock performed better than the other identification algorithms in our cohort, we evaluated discrepancies between patients identified by explicit codes and those included in the reference standard cohort. Characteristics of patients in either cohort and both cohorts are shown in Table 4 . Although patient demographics and mortality rates were not different when compared across groups, admission illness severity, rates of respiratory failure, and length of stay differed across groups.
We performed a secondary chart review to independently assess sepsis severity by consensus criteria in the subsets of patients identified by either prospective screening or explicit codes, but not both; results from this chart review are summarized in eTable 3 (Supplemental Digital Content 1, http:// links.lww.com/CCM/E166). Among the 109 patients identified in the reference standard cohort but not identified by the VPS explicit codes (i.e., false negatives), 85 of 109 patients (78%) were confirmed to have severe sepsis or septic shock, whereas 19 of 109 patients (17%) had sepsis but did not definitively meet consensus criteria for organ dysfunction. Among the 223 patients identified by the VPS explicit codes but not identified in the sepsis registry (i.e., false positives), 131 of 223 patients (59%) had sepsis but did not meet consensus criteria for severe sepsis or septic shock, and 66 of 223 patients (30%) were confirmed to have severe sepsis or septic shock. Of these 66 false positive patients found to have severe sepsis or septic shock on supplemental chart review, none had been screened for inclusion in the CHOP sepsis registry despite its rigorous universal screening process, conducted each day during morning teaching rounds. Based on this supplemental chart review, the false omission rate for the reference standard cohort was only 0.94% (66/7,016). We additionally reviewed the charts of all patients identified by the Angus and Martin methodologies but did not have severe sepsis or septic shock by explicit codes or the reference standard; none of the 188 patients in this group had severe sepsis or septic shock on supplemental chart review.
After updating our reference standard cohort by adding the 66 newly identify cases of severe sepsis and septic shock as an exploratory analysis, the VPS explicit codes demonstrate excellent agreement with the adjusted reference standard cohort, with 97% agreement across all patients, a Cohen's κ of 0.73, a PPV of 70%, and an F 1 score of 0.75. Detailed analysis of the 
DISCUSSION
This is the first study to evaluate the accuracy of diagnosis codes to identify children with severe sepsis and septic shock in the VPS database, and one of the only studies of pediatric sepsis to use a prospectively defined cohort of patients as a reference standard. We found that explicit codes can accurately identify patients with severe sepsis and septic shock in the VPS database when compared with a cohort identified by prospective screening and medical record review. During our validation study, we discovered that the manual identification process, despite its rigor, missed some cases of severe sepsis and septic shock. After adding these cases to our reference standard cohort, the accuracy of the identification algorithm utilizing explicit codes is higher than that of any previously reported administrative coding strategies in studies of pediatric sepsis.
In our primary analysis, we found that explicit codes for severe sepsis and septic shock, Martin methodology, and Angus methodology identified distinct but overlapping cohorts of patients. The VPS explicit codes demonstrated the highest level of agreement with the reference standard cohort with acceptable sensitivity and specificity. In contrast, the Martin and Angus methodologies performed less well than explicit codes, and also less well than in previous studies of their use (7, 17, 18) . We speculate the major reason for their poor performance in the present study is that our target cohort was children with severe sepsis and septic shock, as opposed to children with sepsis of any level of severity. The Martin and Angus methodology were validated to identify patients with sepsis and were not intended to stratify septic patients with regard to severity of illness. Consequently, the κ was much higher for explicit codes, reflecting the higher precision achieved by targeting patients with severe sepsis and septic shock in this identification strategy. Although a cohort of sepsis , n (%) 72 (18) 83 (16) 97 (10) 127 (9) Extracorporeal support, n (%) 12 (3) 14 (3) 14 (1) 18 (1) PICU length of stay, d, median (IQR) 9 (3-19) 7 (2-17) 5 (2-13) 6 (2-13)
PICU mortality, n (%) 34 (8) 46 (8) 60 (6) 64 ( patients with a range of disease severity may be useful in some settings, identification of a less heterogeneous group of patients with high disease severity allows for focused study of higher-risk patients. To that end, only the explicit codes were accurately able to identify patients with severe sepsis and septic shock. Analysis of our secondary outcomes supports the conclusion that explicit codes can be used to identify a cohort of patients with high illness severity similar to the children with severe sepsis and septic shock identified through prospective screening. Subset analyses of patients identified by manual review, explicit codes, or both methods suggest that patients identified in the explicit code cohort but not included in the reference standard cohort have lower illness severity and lower resource utilization than the patients identified in by manual review. Our chart review of discrepancies found that one-quarter of these patients identified by the explicit code method only had sepsis and some organ dysfunction, but they did not meet the strict criteria for organ dysfunction necessary for a diagnosis of severe sepsis or septic shock.
There are several important strengths of the methodology we employed to identify a cohort of patients with severe sepsis and septic shock from an administrative database. Retrospective identification of patients through VPS for epidemiologic purposes is efficient, relatively inexpensive, and could allow for multicenter analysis with relative ease. By contrast, the CHOP sepsis registry is a local research database developed through prospective, universal screening, an expensive and labor-intensive process that would be difficult to translate to a multicenter cohort. Additionally, despite the use of a rigorous methodology in screening and enrolling patients in the CHOP sepsis registry, the highly sensitive VPS explicit codes methodology identified 66 patients with severe sepsis or septic shock who were missed by the daily prospective screening process, which represents 15% of the total cohort of patients with severe sepsis or septic shock during the study period. Therefore, screening patients for severe sepsis and septic shock using explicit codes in VPS is a reasonable alternative to prospective screening and medical record review.
When compared with our adjusted reference standard cohort, the patients identified by VPS explicit codes for severe sepsis and septic shock were among the most accurate cohort of retrospectively identified patients with sepsis ever reported in the literature. Previous efforts to use administrative data to identify pediatric patients with sepsis in single-center studies (7) or large databases (19) have yielded cohorts with higher prevalence and lower mortality than well designed, prospective trials designed to identify patients with sepsis (4). Conversely, our cohort of patients with severe sepsis and septic shock identified through VPS explicit codes identifies an accurate cohort of patients with sepsis and high disease severity and resource utilization, which may serve as a large, robust cohort for future pediatric sepsis research. Data in VPS is extracted by expert, trained coders at each site utilizing standard data definitions, and we believe the reliability of the data in the present report reflects the strength of these coding strategies. Although many compelling research questions can be answered directly from the data available in single-center or multicenter VPS, this work could potentially be expanded through planned or existing mergers of VPS with other large pediatric registries, including the Pediatric Health Information System (PHIS) database (20) , the PEDSnet clinical data research network (21) , and the Center for International Blood and Marrow Transplant Research registry (22), among others. Our study has several important limitations. First, our results are limited to a single, quaternary care PICU with a dedicated pediatric sepsis program. Although VPS operates with standardized clinical data definitions, there is likely a variance in coding practice across all VPS sites, and PICU admission criteria may also vary by site. Second, our study period is limited to the 25-month time period when the CHOP sepsis registry was actively enrolling patients by prospective screening and medical record review, so we cannot analyze trends in VPS coding of sepsis across longer time periods. We did not directly compare VPS to an administrative dataset, although future comparison of VPS and PHIS could yield important insights into the relative performance of sepsis diagnosis codes in both. We also cannot determine if our results are generalizable to International Classification of Diseases, 10 th Revision (ICD-10) codes, although direct translations of severe sepsis and septic shock codes from ICD-9 to ICD-10 are available. Third, although VPS enrolls patients from a large, diverse collection of PICUs, large quaternary care PICUs care for more patients with high illness severity than smaller, community centers; it is likely that the majority of patients with severe sepsis and septic shock captured in VPS are being cared for in major children's hospitals. Finally, the definitions of severe sepsis and septic shock used in clinical medicine and documented in the electronic health record may shift as our understanding of pediatric sepsis pathophysiology and epidemiology continues to develop and new clinical definitions are developed (23, 24) .
CONCLUSIONS
Children with severe sepsis and septic shock can be identified in the VPS database using diagnosis codes. In comparison to a cohort of patients identified through prospective screening and medical record review, the cohort of patients identified in VPS using ICD-9-CM codes for severe sepsis (995.92) and septic shock (785.52) have similar mortality, illness severity, and resource utilization. The accuracy of these codes and the level of clinical detail available in the VPS database will allow for future epidemiologic studies of pediatric severe sepsis and septic shock, and their use may facilitate reliable identification of patients with severe sepsis and septic shock in other large databases through probabilistic linkages to VPS.
